Background: ␤-Catenin is an important mediator of angiogenesis; however, its molecular regulation is poorly understood. Results: Wnt promotes phosphorylation of c-Cbl on Tyr-731, enhancing its dimerization and nuclear translocation to degrade nuclear ␤-catenin. Conclusion: Wnt-mediated c-Cbl phosphorylation regulates nuclear ␤-catenin. Significance: Targeting c-Cbl E3 ligase activity could destabilize ␤-catenin and inhibit pathological angiogenesis.
sis studies (5-7) implicate Wnt signaling as an important regulator of angiogenesis in endothelial cells (ECs). 2 The current model supports ␤-catenin as the key mediator of Wnt signaling. Constitutive degradation of cytosolic ␤-catenin maintaining low Wnt activity characterizes Wnt-off phase. Conversely, stabilization and nuclear translocation of ␤-catenin with Wnt ligand are the hallmarks of Wnt-on phase. As a transcriptional co-activator, nuclear ␤-catenin induces several pro-tumorigenic and pro-angiogenic target genes (4, 8, 9) . Thus, the regulation of nuclear ␤-catenin (also called active ␤-catenin) is critical for both tumorigenesis and angiogenesis. The ubiquitin-proteasomal degradation pathway constitutes the major mechanism for cytosolic ␤-catenin degradation in the Wnt-off phase (10, 11) ; however, little was known about the homeostasis of nuclear ␤-catenin.
Casitas B-lineage lymphoma (c-Cbl) is an E3 ligase expressed in ECs and was initially described as an "anti-angiogenic protein" with a poorly understood mechanism (12) (13) (14) (15) . Recently, c-Cbl was identified as a unique E3 ubiquitin ligase promoting degradation of active ␤-catenin and negatively regulating angiogenesis through Wnt signaling (16) . Similar to ␤-catenin, Wnt activation also results in the nuclear translocation of c-Cbl ensuring its persistent interaction and degradation of active ␤-catenin (16) . Although these biochemical events represent important determinants of nuclear ␤-catenin regulation, the molecular mechanisms of these Wnt-mediated events have remained elusive.
Among several post-translational modifications on c-Cbl, phosphorylation particularly at three tyrosine residues at the carboxyl terminus, Tyr-700, Tyr-731, and Tyr-774, regulates its interactions in response to upstream signaling events (17) . We set out to examine the role of c-Cbl phosphorylation in ␤-catenin degradation and posited that Wnt activation mediates c-Cbl phosphorylation to regulate its nuclear translocation and down-regulation of nuclear ␤-catenin. Our data demonstrate that Wnt activation promotes phosphorylation of c-Cbl at Tyr-731, a critical event enhancing c-Cbl dimerization and binding to ␤-catenin. This mechanism regulates nuclear translocation of c-Cbl and leads to modulation of nuclear ␤-catenin and angiogenesis.
MATERIALS AND METHODS
Cell Culture-Primary human aortic endothelial cells and umbilical vein endothelial cells (HUVECs) (Promocell, Germany) pooled from three donors were grown in endothelial growth medium-2 (EGM-2) (Promocell). EGM-2 was prepared by supplementing endothelial basal medium (EBM-2) with fetal bovine serum (2%), hydrocortisone (1 g/ml), fibroblast growth factor-1 (10 ng/ml), epidermal growth factor (5 ng/ml), insulin-like growth factor (20 ng/ml), ascorbic acid (1 g/ml), and heparin (90 g/ml).
These primary human cells were tested for Mycoplasma, hepatitis B virus, hepatitis C virus, and HIV-1 using ELISA. The cells were characterized by CD31, von Willebrand factor, 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate-Ac-LDL uptake, and smooth muscle actin using immunofluorescence and were used over eight passages.
␤-Catenin Morpholino-Previously characterized MOs (18) that target zebrafish ctnnb1 and ctnnb2 were co-injected in equimolar ratios at the final concentration of 0.01 mM. b-cat1MO is 5]-ATCAAGTCAGACTGGGTAGCCATGA-3, and bcat-2MO is 5Ј-CCTTTAGCCTGAGCGACTTCCA-AAC-3. The mismatched MOs served as controls.
Synthesis of Capped mRNA-The vectors were linearized with NotI restriction enzyme, treated with proteinase K (Sigma), and extracted with phenol. Linearized plasmid DNA (1 g/l) in RNase-free water was used for in vitro capped mRNA synthesis using the mMessage mMachine SP6 kit (Ambion) according to manufacturer's instructions, as described previously (10) .
Zebrafish Embryo Injection and Phenotype Evaluation-FlieGFP transgenic adult male and female zebrafish (Danio rerio) were housed in a fish facility at the Dana Farber Cancer Institute, Harvard Medical School, at a 14:19-h light/dark cycle at a temperature of (26.5°C) and a pH of (7.0 -7.4) in a controlled multitank recirculating water system (Aquatic Habitats, Apopka, FL). The Dana Farber Cancer Institute, Harvard Medical School, animal welfare committee approved the experimental protocol. The capped RNA (5-10 ng) with or without 0.01 mM ␤-catenin MO (an equimolar combination of validated MOs against zebrafish ctnnb1 and ctnnb2) or controlled MO was injected to one-or two-cell stage embryos (18, 19) . The embryos were grown at 28°C for 3 days. The images of fish under same light exposure setting were obtained from 10 randomly selected fish per group at every experiment and analyzed for the length of the tail vessels. The vessels were marked from the junction of the body and the tail going caudally using Image-Pro and averaged per group, as described previously (20) . The tail vessel plexus was marked and measured for fluorescent intensity using ImageJ.
RT-PCR-Embryos harvested at 24 h post-fertilization were subjected to total RNA extraction using RNAshredder and RNeasy as recommended by the manufacturer (Qiagen). RNA (1 g measured by Nanodrop, Thermo Fisher Scientific) was used for cDNA preparation. RT-PCR was conducted using TaqMan probes (ABI) with D. rerio vegfa and D. rerio actin.
Cross-linking Assay-ECs serum-starved for 12-16 h and exposed to Wnt3a ligand for 3 h were treated with the crosslinker disuccinimidyl suberate (DSS) (Thermo Fisher Scientific) at 1 mM for 30 min at room temperature (as recommended by manufacturer Thermo Fisher Scientific) followed by quenching using Tris-HCl (pH 7.5) for 15 min. The lysates were resolved on SDS-PAGE and probed using FLAG tag antibody and probed with FLAG antibody. Monomer is considered as loading control, and dimers were normalized to monomers using ImageJ. The antibodies, immunoblotting, immunoprecipitation, cellular fractionation, GST purification, and ubiquitination assays and in vitro tube formation assay are as described previously (16) .
Statistical Analysis-In all figures, data are expressed as average Ϯ S.E. Student's t test followed by Bonferroni's correction was conducted to determine the statistical differences between the groups. p Ͻ 0.05 was considered significant.
RESULTS

Wnt-mediated Phosphorylation of c-Cbl Tyr-731 Regulates
Its Binding to ␤-Catenin-As phosphorylation at tyrosine 700, 731, and 774 regulates c-Cbl's binding to other interactors (17, 21, 22) , we examined their role in ␤-catenin regulation. Wnt activation in ECs resulted in phosphorylation of c-Cbl tyrosine 731 (Fig. 1A) , which was also detected in the nuclear fraction (Fig. 1B) . Point mutants (Tyr to Phe as phospho-inactive) were employed to further examine its biological relevance. In the Wnt-off phase, c-Cbl Y731F did bind to ␤-catenin. However, unlike wild-type c-Cbl and Y700F and Y774F mutants, the interaction of Y731F and ␤-catenin reduced substantially with Wnt activation, despite an increase in ␤-catenin levels (Fig. 1C) . Inactivation of Tyr-731 phosphorylation also abrogated c-Cbl's Wnt-mediated nuclear translocation ( Fig. 1D and data not shown). These data underscore the importance of c-Cbl Tyr-731 phosphorylation in the Wnt-mediated c-Cbl nuclear translocation and ␤-catenin binding.
c-Cbl Tyr-731 Phosphorylation Enhances ␤-Catenin Binding through Dimerization-c-Cbl exists as monomers and dimers, whereas its dimerization is known to regulate interactions with other proteins (16, 17, 21) . Because Tyr-731 phosphorylation enhances binding with ␤-catenin, we posited that Tyr-731 phosphorylation modulates binding with ␤-catenin through dimerization. This hypothesis was addressed using a set of constructs with combinations of point mutants (phospho-inactive, Y731F, and phospho-mimetic, Y731E) and ubiquitin-binding domain deletion (dUBA) or artificial dimerization motif (dimer), which is known to increase c-Cbl dimerization (16) . Two orthogonal approaches, DSS, a cross-linking agent and a stabilizer of protein-protein interactions, and immunoprecipitation (IP) assays were used. The data showed that c-Cbl existed predominantly as monomers at baseline (expected 120 kDa) (Fig. 2, A and B) (23, 24) . Wnt induction resulted in a 1.8 -2-fold increase in the dimerized species, an event compromised by phospho-inactivating mutation at Tyr-731 (Fig. 2, A-C) .
IP assays showed that the deletion of UBA in Y731F (F/dUBA) abrogated dimerization in both the phases of Wnt signaling, supporting the necessary role of UBA in c-Cbl dimerization (Fig. 2C) . c-Cbl dimerization could be rescued by the artificial dimerization domain (F/dimer), only in the Wntoff but not in the Wnt-on phase (Fig. 2C, 1st box) . In contrast, the phosphomimicking Y731E mutant exhibited enhanced dimerization at baseline, even more than the wild-type c-Cbl in both phases of Wnt signaling (Fig. 2C, 2nd box) . These data suggest that dimerization is necessary but not sufficient in the Wnt-on phase and that Tyr-731 phosphorylation enhances c-Cbl's dimerization in the Wnt-on phase.
As c-Cbl phosphorylation mediates its protein-protein interactions (17, 21, 22) , we examined the effect of c-Cbl phosphorylation on c-Cbl-␤-catenin binding using immunoprecipitation of endogenous ␤-catenin by different c-Cbl constructs (Fig.  2D ). Although phospho-inactive Y731F c-Cbl bound ␤-catenin in the Wnt-off phase, its binding was substantially abrogated in the Wnt-on phase (Figs. 1C and 2D), which could not be rescued even with the artificial dimerization domain in Y731F (F/dimer) in the Wnt-on phase (box on Fig. 2D ), underscoring a need for intact Tyr-731 in the Wnt-on phase for ␤-catenin binding. The phospho-mimetic c-Cbl Y731E showed binding to ␤-catenin more than wild-type c-Cbl. Taken together with the dimerization pattern, these data suggest that in the Wnt-on phase, c-Cbl Tyr-731 phosphorylation augments c-Cbl-␤-catenin binding through its dimerization.
As binding to ␤-catenin regulates c-Cbl's nuclear translocation, we posited that the c-Cbl phosphorylation and dimerization regulates its Wnt-mediated nuclear translocation. Indeed, the nuclear translocation of c-Cbl mutants corresponded to their ␤-catenin binding pattern (Fig. 2E) . Phospho-mimetic c-Cbl Y731E mutant alone or with functional dimerization and ␤-catenin binding abilities (E and E/dimer) localized to the nucleus even in the Wnt-off phase. The phospho-inactive mutants of c-Cbl Y731F showed no Wnt-mediated nuclear translocation, even when combined with the artificial dimerization motif (F/dimer). Collectively, these data indicate that in the Wnt-on phase, c-Cbl Tyr-731 phosphorylation is required to enhance c-Cbl dimerization, binding to ␤-catenin, and c-Cbl's nuclear translocation. Whole cell lysates of ECs stably expressing FLAG c-Cbl wild-type (Wt) or point mutants Y700F, Y731F, or Y774F were stimulated with Wnt3a (100 ng/ml), IPed with FLAG, and immunoblotted using ␤-catenin. The blot was stripped and reprobed with FLAG antibody. Ten percent of lysates are shown as input loading control. Representative immunoblot of three experiments is shown. D, phospho-inactivating Y731F mutation compromises c-Cbl's ability to undergo Wnt-mediated nuclear translocation. Serum-starved ECs stably expressing FLAG-tagged constructs were stimulated with vehicle or Wnt3a, as described above, and were fixed for immunofluorescence using FLAG tag antibody and DAPI for nuclear staining. Laser confocal microscopy was performed, and representative cells from 100 randomly selected cells are shown. Scale bar, 100 pixel units. (16) and Tyr-731 phosphorylation is critical for c-Cbl-␤-catenin binding in the Wnt-on phase, we posited that c-Cbl Tyr-731 phosphorylation status regulates ␤-catenin degradation. To this effect, we examined endogenous ␤-catenin in both phases of Wnt signaling. The data showed that ␤-catenin regulation by different c-Cbl mutants is commensurate to their ␤-catenin binding pattern. In the Wnt-off phase, wild-type and all c-Cbl phosphomutants significantly down-regulated ␤-catenin. However, in the Wnt-on phase, Y731F lost this ability (Fig. 3A) and could not be rescued even by the artificial dimerization (F/dimer) ( Fig. 3B and data not shown) in both the cytosol and nuclear fractions (box in Fig. 3B ). However, Y731E and E/dimer suppressed ␤-catenin in both the phases of Wnt signaling.
Wnt-mediated c-Cbl Phosphorylation Regulates ␤-Catenin
c-Cbl-mediated ␤-catenin ubiquitination also followed its binding pattern (data not shown). In the Wnt-off phase, Y731F ubiquitinated ␤-catenin in an UBA-dependent manner. However, in the Wnt-on phase, even the artificial dimerization domain was not sufficient to rescue the ability of Y731F to ubiquitinate ␤-catenin. Collectively, these data underscore the critical role of Tyr-731 phosphorylation in down-regulation of ␤-catenin in the Wnt-on phase. HUVECs stably expressing FLAG-c-Cbl were serum-starved and stimulated with 50 ng/ml Wnt3a. Before harvest, the cells were treated with 1 mM DSS at room temperature for 30 min. The subcellular fractions were resolved in SDS-polyacrylamide gel probed with FLAG antibody. A representative of two independent experiments is shown. The dimers were normalized to monomers using ImageJ. B, c-Cbl wild-type but not Y731F shows Wnt-mediated dimerization. HUVECs transduced with wild-type or different c-Cbl point mutants were subjected to Wnt3a and DSS treatment as mentioned above before harvest. The whole cell lysates were resolved on SDSpolyacrylamide gel and probed. A representative of two independent experiments is shown. The dimers were normalized to monomers using ImageJ. C, Tyr-731 phosphorylation mediates Wnt-enhanced dimerization. Whole cell lysates from ECs stably co-expressing HA-c-Cbl and FLAG-c-Cbl constructs that were serumstarved and stimulated with Wnt3a 50 ng/ml for 3 h were IPed with FLAG antibody and immunoblotted using HA antibody. ECs stably expressing FLAG-tagged c-Cbl constructs were treated with Wnt3a and subjected to fractionation. The fractions were probed for ␤-catenin. Tubulin and fibrillarin served as markers of cytosolic and nuclear fractions and as loading controls, respectively. ␤-Catenin bands were normalized to loading controls and then compared with a control vehicle-treated sample. The box with dashed lines represents an increase in ␤-catenin with Wnt3a treatment, and the box with solid lines indicates a lack of reduction of ␤-catenin with Y731F mutation in the Wnt-on phase. Representative immunoblot from three experiments is shown. B, c-Cbl Tyr-731 phosphorylation regulates ␤-catenin through its dimerization in the Wnt-on phase. ECs stably expressing FLAG-c-Cbl constructs were Wnt-stimulated and subjected to fractionations, and the fractions were probed as above. Representative immunoblot from three experiments is shown. Ctr, control; WB, Western blot; Veh, vehicle.
c-Cbl Tyr-731 Phosphorylation Regulates Pro-angiogenic
Wnt Target Genes and Angiogenesis-Having shown that c-Cbl suppresses angiogenesis through Wnt signaling by degrading ␤-catenin and inhibiting pro-angiogenic Wnt target genes, IL-8 and VEGF (16), we next examined whether the c-Cbl phosphorylation status regulates the pro-angiogenic Wnt targets and angiogenesis. Of all phosphomutants, Y731F lost the inhibitory effect on VEGF, IL-8 levels, and in vitro tube formation (Fig. 4, A-E and data not shown). In contrast, Y731E inhibited VEGF, IL-8 levels, and in vitro tube formation more than the wild-type c-Cbl, an ability compromised by the deletion of UBA (E/dUBA). However, the addition of an artificial dimerization motif in Y731F (F/dimer) could not rescue the regulation of VEGF, IL-8, and in vitro angiogenesis (Fig. 4, B-D) . These data indicate that although necessary, c-Cbl dimerization is not sufficient for its anti-angiogenic effect and that Tyr-731 phosphorylation regulates angiogenesis through its dimerization.
The Fli-eGFP transgenic zebrafish model is a well established tool to examine angiogenesis in vivo, where the ECs are genetically engineered to express enhanced GFP (20, 25) . The number and the length of tail vessels, tail microvasculature, and caudal vessel plexus serve as the biological read-outs (20, 25) . c-Cbl expression suppressed these angiogenic features (Table 1 and data not shown). 70Z is a naturally occurring E3 ligasedeficient mutant lacking the linker region from amino acids 366 to 382, which binds but fails to down-regulate ␤-catenin (16) . In line with its dominant negative role, zebrafish injected with 70Z showed a significant increase in the length and early bifurcation of tail vessels and caudal vessel plexus and an increase in ␤-catenin (Fig. 5, A-D, and Table 1) . These data provides an in vivo validation of the anti-angiogenic role of c-Cbl. c-Cbl regulates angiogenesis through other downstream mediators such as receptor tyrosine kinases (12, 13) . Specific
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MAY 15, 2015 • VOLUME 290 • NUMBER 20 contribution of Wnt signaling was examined by two orthogonal approaches, 70ZG306E, which up-regulates ␤-catenin but not some of the receptor tyrosine kinases (16, 26) , and ␤-catenin MO (18, 19) . In line with the specific effect on ␤-catenin, c-Cbl 70ZG306E enhanced angiogenesis (Table 1 and data not shown). ␤-Catenin MO significantly abrogated 70Z-induced ␤-catenin levels, an increase in tail vessel length and caudal vessel plexus (Fig. 5 , A-D, and Table 2 ). The effect on zebrafish VEGFa, a target of Wnt, followed the pattern of ␤-catenin regulation. c-Cbl inhibited and 70Z up-regulated vegfa in a ␤-catenin-dependent manner (Fig. 5E ). All these data indicate that c-Cbl regulates angiogenesis through ␤-catenin.
We next examined the role of c-Cbl phosphorylation on zebrafish angiogenesis. Phospho-inactive c-Cbl Y731F, which increased ␤-catenin, also enhanced it, and the phosphomimicking c-Cbl Y731E substantially reduced angiogenesis and zebrafish vegfa mRNA (Fig. 5, F and G, and Table 3 ). The ability of Y731E to inhibit angiogenesis was significantly compromised by dUBA (E/dUBA). But the artificial dimerization motif in Y731F (F/dimer) failed to rescue this effect, confirming that UBA is not sufficient for c-Cbl's anti-angiogenic effect and that Tyr-731 regulates angiogenesis through dimerization.
DISCUSSION
c-Cbl binding to ␤-catenin is a critical determinant of its regulation of transcriptionally active nuclear ␤-catenin. This study implicates Wnt-mediated Tyr-731 phosphorylation of c-Cbl as an important post-translational modification regulating its binding to active ␤-catenin in the Wnt-on phase. In doing so, we uncovered an intriguing interplay of c-Cbl Tyr-731 phosphorylation and dimerization under different states of Wnt activity.
Dependence of ␤-catenin regulation on c-Cbl dimerization changed with Wnt status. In the Wnt-off phase, the abrogation of dimerization compromised the binding of both Y731F and Y731E to ␤-catenin (Fig. 2, B and C) underscoring the dimerization as a necessary requirement for ␤-catenin binding (16) . Also, c-Cbl dimerization was sufficient for its binding to ␤-catenin, as the artificial dimerization motif rescued the binding of both Y731F and Y731E (F/dimer and E/dimer) to ␤-catenin (Fig. 2C) . In contrast, despite the intact dimerization domain, Y731F lost binding to ␤-catenin in the Wnt-on phase. The phosphomimicking Y731E mutant showed enhanced ␤-catenin binding even at baseline. These data implicate c-Cbl dimerization and Tyr-731 phosphorylation status as predominant determinants of c-Cbl-␤-catenin binding in the Wnt-off and the Wnt-on phase, respectively.
However, in the Wnt-on phase, c-Cbl dimerization is also important. In the Wnt-on phase, deletion of UBA in Y731E (E/dUBA) substantially abrogated its binding to ␤-catenin strongly suggesting that Tyr-731 phosphorylation regulates c-Cbl-␤-catenin binding through its dimerization. Overall, the data support the notion that in the Wnt-off phase, c-Cbl dimerization is independent of c-Cbl's phosphorylation status and is necessary and sufficient for the c-Cbl-␤-catenin interaction. However, in the Wnt-on phase, Wnt-mediated Tyr-731 phosphorylation through its dimerization enhances c-Cbl-␤-catenin binding (Fig. 6) .
These observations beg an interesting question. How does c-Cbl Tyr-731 phosphorylation enhance dimerization, ␤- Table 2 ). The white brackets mark increased tail vessels with bifurcation, and the black bracket marks the caudal vessel plexus. B, 70Z up-regulates endogenous ␤-catenin in zebrafish. The lysates from 30 de-yolked zebrafish were probed for ␤-catenin and Myc tag. Representative immunoblot of three experiments is shown. C, 70Z increases intersegmental vessel length in a ␤-catenin-dependent manner. Mean length of tail vessels of 10 randomly selected fish from total injected ( Table 2) is shown. The images under same light exposure settings were obtained from 10 randomly selected fish per group from total live fish over three independent experiments and analyzed for the length of the tail vessels. The tail vessels were marked from the junction of the body and the tail going caudally using Image-Proா and averaged per group. Error bars, S.E. Student's t test with Bonferroni correction was performed to determine statistical significance. *, compares LacZ control to 70Z, p ϭ 0.024. **, compares 70Z ϩ control MO with 70Z ϩ ␤-catenin MO, p ϭ 0.001. D, ␤-catenin MO significantly abrogates 70Z-induced increased caudal vessel plexus. The images of fish under same light exposure settings were obtained for 10 randomly selected fish per group from total live fish over three independent experiments and analyzed for the intensity of caudal vessel plexus using ImageJ. The mean intensity is shown. Student's t test was performed to determine statistical significance. Compared with the control, p ϭ 0.018 for 70Z ϩ control MO. Compared with 70Z ϩ control MO p ϭ 0.0031 with 70Z ϩ ␤-catenin MO. Error bars, S.E. E, ␤-catenin MO significantly inhibits c-Cbl-70Z-mediated increase in VEGFa. Zebrafish injected with 5 ng of mRNA and 0.01 mM ␤-catenin MO as described above were harvested at 24 h post-fertilization for RT-PCR. VEGFa was normalized to zebrafish actin and compared with control animals. Mean of three experiments is shown. *, compares control to 70Z ϩ control MO, p ϭ 0.026; **, compares 70Z ϩ control MO to 70Z ϩ ␤-catenin MO, p ϭ 0.019. Error bars, S.E. F, c-Cbl regulates angiogenesis dependent on its Tyr-731 phosphorylation status. Fli-eGFP transgenic zebrafish two-cell stage embryos injected as above using 10 ng of mRNA, and the images were obtained and analyzed as above. Representative image from randomly selected fish from total injected are shown (Table 3) . G, c-Cbl phosphorylation and dimerization dictates its ability to increase tail vessel length. Tail vessel lengths of Fli-eGFP fish injected with different constructs were analyzed using ImageJ as described above. Mean length of tail vessels from 10 randomly selected fish from total live fish over three independent experiments is shown. catenin binding, and c-Cbl nuclear translocation with Wnt activation? There can be different explanations. It is possible that Wnt-mediated Tyr-731 phosphorylation results in a conformational change to enhance c-Cbl dimerization. In turn, dimerization of c-Cbl bestows stoichiometric and/or kinetic advantages for binding to a rapidly expanding pool of active ␤-catenin molecules during the Wnt-on phase. It is also possible that similar to ␤-catenin, at baseline c-Cbl can be a part of a multiprotein complex tethered to a yet unknown partner precluding its translocation into the nucleus. Tyr-731 phosphorylation could alter c-Cbl's binding with this putative inhibitory partner, relinquishing it to translocate into the nucleus along with ␤-catenin. This may also explain why basal c-Cbl-␤-catenin binding is insufficient for c-Cbl nuclear translocation during the Wnt-on phase. Although the above models warrant further investigation, the current data uncover Wnt-mediated c-Cbl Tyr-731 phosphorylation regulating its dimerization as a novel mechanism of ␤-catenin regulation. The phosphorylation and dimerization of c-Cbl are intertwined events. Bartkiewicz et al. (23) showed that in the presence of EGF, the deletion of UBA of c-Cbl reduced its dimerization, tyrosine phosphorylation, and binding to EGF receptors (22, 23) . The authors ascribed it to a reduced number of c-Cbl molecules integrated into EGF receptor complex due to a lack of dimerization, suggesting phosphorylation as a function of dimerization (23) . Although their data indicate that c-Cbl dimers are targets of phosphorylation (23), it was not clear whether phosphorylation in turn influenced dimerization. The present data show phosphorylation of c-Cbl Tyr-731 as an upstream event in Wnt signaling. However, as an extension of their model, the data also show that Wnt-mediated c-Cbl Tyr-731 phosphorylation enhances c-Cbl dimerization (Fig. 2,  A-C) . Thus, c-Cbl dimerization and phosphorylation remain closely interdependent events.
Phosphorylation in canonical Wnt signaling employs GSK-3␤ and CK1, serine and threonine kinases (9) . Because Wnt3a mediates tyrosine phosphorylation of c-Cbl (Fig. 1, A  and B) , this indicates a possibility of cross-talk. Wnt stimulation increases VEGF secretion (Fig. 4, A and B) , which can potentially initiate VEGF signaling. Engagement of VEGF ligand to the VEGFR-2 receptor activates VEGFR-2 signaling, which is known to phosphorylate tyrosine on c-Cbl (27) , generating a negative feedback loop. Therefore, Tyr-731 phosphorylation may be a result from the participation of kinases other than those employed in canonical Wnt signaling and underscores nonlinearity in signaling events activated by Wnt ligands.
The above data along with our previous work and that of others (10, 11, 16 ) support the following model. c-Cbl exists in cytosol as both the monomers and the dimers in the Wnt-off phase. The dimerized species of c-Cbl mediates ␤-catenin binding and degradation. Wnt-on phase is characterized by hypophosphorylated ␤-catenin, a species that is degraded by c-Cbl, but not the other E3 ligases such as ␤-TrCP or Jade-1. ␤-Catenin molecules translocates into the nucleus to activate transcription of Wnt target genes (active ␤-catenin). In parallel, Wnt activation phosphorylates Tyr-731 on c-Cbl to increase its dimerization through the UBA domain, binding with ␤-catenin and c-Cbl nuclear translocation. c-Cbl, thus "chases" and degrades the active ␤-catenin in the nucleus (Fig. 6) .
This study describes Wnt-mediated c-Cbl Tyr-731 phosphorylation as a critical determinant of its binding, and regulation of nuclearly active ␤-catenin and can be further explored as a biomarker in angiogenesis and cancer. c-Cbl modulating Wnt signaling is consistent with its tumor suppressor activity. The germ line c-Cbl mutations have developmental and functional consequences (28) . Hyperactive Wnt signaling has been implicated in several of those conditions (29, 30) , which now can be linked through the present data. Overall, the c-Cbl-Wnt-␤-catenin relationship has implications both in angiogenesis and tumorigenesis. c-Cbl represents a novel therapeutic target in both of these biological processes.
